We report results from the analysis of the shock wave formed following the creation of a laser-produced plasma in a gaseous atmosphere, using both interferometry and shadowgraphy. A Nomarski polarization interferometer and a focused-type shadowgraphy setup were utilized to track the evolution of the shock wave with high spatial and temporal resolution for a variety of incident laser energies and ambient gas pressures. It was found that the visibility of the shock wave was high for both techniques at high gas pressure ( 100 mbar) and incident laser energies ( 400 mJ). The velocity of the shock wave in these regimes was of the order of several km s −1 . At lower pressures (≈ 1-10 mbar) and incident laser energies (≈ 100-200 mJ), the visibility of the shock wave decreased dramatically and, in some cases, disappeared completely from the shadowgrams. In contrast, the shock wave remained visible in the interferograms, manifesting itself as a blurring of the fringes. The shock wave visibility was improved further by simply differentiating the interferograms to enhance the fringe boundaries. Shock velocities, exceeding 100 km s −1 , were detected at low background gas pressures where the enhanced shock wave visibility was provided by the interferometer.
Introduction
Since their discovery in the 1960s [1] , laser-produced plasmas (LPPs) have been the focus of extensive basic research while spawning a diverse range of applications in many domains including materials growth (e.g. pulsed laser deposition) [2] , materials characterization (e.g. laser-induced breakdown 4 PH and TJK contributed equally to this work. 5 Author to whom any correspondence should be addressed. and its interactions with its surrounding environment. A variety of diagnostic tools have been developed to diagnose the plasma plume primarily in a vacuum environment including for example, optical emission spectroscopy [8] and Thomson scattering [9] , from which the electron temperatures and densities can be extracted.
A large number of applications of LPPs involve creating the plasma plume in a gaseous atmosphere, for example, pulsed laser deposition [2] , micromachining [10] and nanofabrication [11] and laser-induced breakdown spectroscopy [12] . With the presence of a background gas, additional physical processes occur during laser plasma formation and expansion including, for example, shock wave creation and propagation [13] , plasma confinement [14] and charge exchange [15] . Shadowgraphy is a widely established technique to probe plasma plumes induced by laser ablation in gaseous environments, especially since it offers high spatial and temporal resolution [16] [17] [18] [19] [20] .
We report here a comparison of the visualization of laser-plasma-driven shock waves using both interferometry and shadowgraphy. Experiments were carried out in two pressure regimes, at high (100-1000 mbar) and relatively low (1-10 mbar) pressures. The expansion behaviour of the shock waves was quantitatively explored in both regimes and compared with blast wave predictions. We found that interferometry succeeded in detecting the shock waves in both regimes, whereas the shadowgraphic approach failed at low pressures.
Experiment
To create a single LPP, a plano-convex lens with a focal length of 300 mm and a diameter of 25.4 mm, anti-reflection coated for the 1000-1200 nm wavelength range, was used to focus output pulses from a Continuum Surelite III TM Nd:YAG laser (6 ns full-width at half-maximum (FWHM) with a wavelength of 1064 nm) onto a solid slab of 99.99% pure aluminium. The spot size achieved with this optical arrangement was ≈ 100 μm and laser energies of 100, 200, 400 and 600 mJ produced peak on-target irradiances of ≈ 0.2, 0.4, 0.8 and 1 × 10 12 W cm −2 , respectively.
A synchronized Continuum Surelite I TM laser, operating at its frequency-doubled wavelength of 532 nm, with a pulse width of 4 ns (FWHM) provided the probe light source for both the Nomarski polarization interferometer and the shadowgraphy setups. Briefly, the Surelite I TM probe laser was synchronized to the incoming plasma generating laser (Surelite III TM ) with a maximum temporal jitter of ±1 ns. A synchronized complementary metal oxide semiconductor (CMOS) camera captured the resulting interferogram of the LPP. The delay between the plasma generating laser and both the probe laser and the camera could be varied to interrogate the plasma plume at different times during its evolution. The experimental setup for the shadowgraphy experiment is shown in figure 1 and is a so-called focused shadowgraphy arrangement [20] .
Referring to figure 1, a relay lens imaged the plasma plane onto the detector plane. The incoming probe laser beam constituted the light source for the formation of each shadowgram. A narrow bandpass filter with a peak transmission wavelength of 532 nm rejected broadband optical emission from the plasma whilst permitting the probe beam to reach the detector. The Nomarski interferometer, shown in the lower part of figure 1 , is a polarization-type interferometer where the spatial variation in the electron density is manifested as a phase shift of interference fringes [21] .
A high precision gas flowmeter was used to introduce 99.99% pure O 2 into the vacuum chamber and the flow rate was adjusted to vary the background pressure in the chamber between 1 and 100 mbar. The experiments at a background pressure of 1000 mbar were performed in air. The similarities between O 2 and N 2 in terms of mass and specific heat ratio ensure that the background environments of air and O 2 are comparable. The Al target was mounted on a high precision in-vacuum motorized X-Z stage and was moved to reveal a fresh surface after each laser shot.
Results and discussion
Interferometric and shadowgraphic experiments were performed on LPPs for a variety of incident laser energies and background gas pressures. A comparison of interferograms and shadowgrams for plasma plume expansion into air at three different delay times (20, 100 and 200 ns) following the peak of the plasma producing laser pulse is presented in figure 2 . The incident 1064 nm laser pulse had an energy of 100 mJ and was focused onto the surface of a flat slab of Al to a spot of approximately 100 μm diameter in air at a pressure of 1000 mbar.
The shock wave is clearly visible in both the interferograms and shadowgrams. The spatio-temporal evolution of the shock front has been extracted from the images obtained using both diagnostic techniques. These results are plotted in figure 3 (a) where the position of the shock front (normal to the centre of the target) is plotted as a function of time delay following plasma creation. The shock front is tracked for varying delay times between 5 and 300 ns from the interferograms (blue) and shadowgrams (red).
As can be seen from figure 3(a), both techniques work well in this relatively high background pressure and incident laser energy regime and show a consistent behaviour in the spatio-temporal evolution of the shock front. The errors on the prefactor (≈10%) and on the exponent (≈25%) have been determined directly from the least-squares fitting routine and are consistent across all experiments. According to the TaylorSedov theory [22] of blast wave propagation from a point explosion, the position of the shock front, R, at any time t, can be found from the following equation:
where t is the delay time following ignition, ρ o is the background gas density, E o is the amount of energy released during the explosion and ζ o is a constant determined by the gas specific heat ratio. The general form of the equation can be written:
where b is equal to 2/(n + 2) and n = 3, 2 or 1 for spherical, cylindrical or plane wave shock wave propagation, respectively [23] . These n values correspond respectively to b values of 0.40 (spherical), 0.50 (cylindrical) and 0.667 (plane). In fitting equation (2) to our data, we have used the form R = at b + R o , where R o is a fitted parameter that we include to account for any systematic offset in the data. It is clear from figure 3 that the form of the general blast wave equation (R = at b + R o ) describes the expansion dynamics of the shock wave well in our case. The experimental b value of 0.4 is in good agreement with a spherical expansion behaviour. The scale of the shock wave observations extend out to 1.4 mm which is substantially greater than the focal spot size of the laser pulse. It is noteworthy from figure 2 that the shape of the shock wave evolves as it expands into the gas. Measurements of the ratio of the radii normal and parallel to the target surface show that it becomes notably more spherical in nature as the time increases.
Shown in figure 3(b) is the temporal evolution of the velocity of the shock front obtained from an analysis of the interferograms (blue) and shadowgrams (red). The interferometry data are generally consistent with that from shadowgraphy. These results are also consistent with those of related experiments published in the literature, e.g. [24] [25] [26] .
It is also clear from figures 2 and 3 that interferometry can be utilized to diagnose the spatio-temporal development of the compressive gas layers formed when plasmas expand into background gases, just as effectively as shadowgraphy. Our experiments however show (see below) limitations to the shadowgraphic technique when the background gas pressure becomes relatively low (defining low background gas pressure here as lying between ≈1 and 10 mbar). In this rarefied gas case, the compressive gas layer becomes less well defined as a result of reduced compression at the plasma-gas interface. Hence, the variation in the refractive index at the shock front decreases and so it becomes more difficult to detect. For shadowgraphy, the concomitant redistribution of image brightness due to the change in the refractive index is much less abrupt and hence it struggles to detect shock waves induced by plasmas expanding into lower background gas pressure regimes. The redistribution in image brightness is related to the second derivative of the refractive index of the plasma [27] and so it is not too surprising that the visibility of the shock front at low pressure can drop below the minimum detectable contrast of the shadowgraphy system. We present in figure 4 results from an experiment in which both interferometery and shadowgraphy were performed on a LPP expanding into O 2 at a pressure of 10 mbar. The energy of the incident laser beam was 100 mJ as before.
Looking at figure 4 , there appears to be no evidence of a compressive gas layer at the plasma-gas interface in the shadowgrams (right hand panels). On the other hand, on very close inspection, the interferograms (left hand panels) display some slight evidence of a shockfront (albeit extremely weak), manifested as a blurring of the fringes all around the locus of the shockfront. The black arrows on the figure point to the apex of this locus. It has to be admitted that this fringe blurring is very difficult to observe in the raw images, especially in print. However, it is possible to significantly enhance the signature of the shock front by employing a simple 'find edges'-type algorithm which brings into sharp relief the discontinuities in image contrast caused by the fringe blurring. This is achieved by differentiating the image using a first-order Sobel operator [28] . A freeware software package 'ImageJ' [29] was employed to perform the image processing during this study. The algorithm enhances the visibility of the blurred fringes at the position of the compressive gas layer or shock-wavefront. There appears to be no evidence of this feature in the shadowgram, either following the application of the algorithm or with any further image processing (e.g. background subtraction). Using the interferometric method in these pressure regimes (where the shadowgraphy technique begins to fail), we have been able to extract the spatio-temporal evolution of the front of the compressive gas layer at low pressures. We do this for times ranging from 5 to 50 ns and present the results in figure 6 . Figure 6(a) shows the expansion of the shock wave, in this low-pressure regime, as a function of time, fitted again with the formula (R = at b + R o ), while figure 6(b) shows the extracted velocity-time profile. Comparing figure 6 (100 mJ incident laser pulse with a background pressure of 10 mbar) to figure 3 (100 mJ incident laser pulse with a background pressure of 1000 mbar), it is clear that the velocity of the shock wave in the background gas pressure of 10 mbar is much higher.
The shock front present in 1000 mbar pressure background gas remains in the field of view of the interferogram up to a time delay of at least 200 ns after the peak of the plasma producing laser pulse (cf figure 2) . In contrast, at a pressure of 10 mbar, the high speed of the shock wave results in the interferogram remaining in the field of view of the camera only for a few tens of nanoseconds.
The results of an interferometric analysis of the spatiotemporal expansion of compressive gas fronts for a variety of Table 1 . Summary of the fitting results for the experiment described in figure 7. Table 2 presents a comparison of the visibility of the shock front from interferometery and shadowgraphy for a variety of pressure and laser energy regimes. It is worth pointing out that it was not possible to perform certain experiments (more specifically, experiments with a background pressure of 1000 mbar and a laser energy 200 mJ) due to the breakdown of the gas itself inside the test chamber. These experiments are indicated in table 2.
It is clear that there is a wide background gas pressure range and incident laser energy parameter regime where interferometry can provide valuable insights into the propagation dynamics of the LPPs in background gases. We suggest that the combination of interferometry with appropriate image processing is a useful addition to the existing range of laser diagnostic tools for gas dynamics studies in laser plasma-gas collisions experiments at low ambient pressures.
Conclusions
We have directly compared the capabilities of shadowgraphy and interferometry to visualize and analyse the propagation dynamics of shock waves formed by creating a laser-produced plasma in a background gas. It was found that the compressive layer was visible in both shadowgraphy and interferometery for high background gas pressures (≈100-1000 mbar) and the spatio-temporal analysis of the layer using both techniques gave similar results. The velocity of the expansion of the compressive gas layer was relatively low at these pressures (approximately tens of km s −1 ). When the pressure of the background gas was lowered, however, to the range 1-10 mbar, the compressive gas layer was no longer detectable using shadowgraphy. Of the two techniques, only interferometry, combined with image edge detection, was capable of detecting the compressive layer in these background gas pressure regimes. The compressive layer had a much higher expansion velocity (exceeding 100 km s −1 in some cases) and manifested itself as a blurring of the fringes in the interferogram. This blurring of the fringes was visible (albeit with difficulty) in the raw interferograms, but, with close inspection, it could be detected as a small modulation in image contrast. The application of a 'find edges' algorithm clearly revealed the compressive gas layer. We propose this combination as a useful laser diagnostic for dynamic plasma-gas interactions at low gas pressure. The interferometric approach allowed a comparison of the shock wave behaviour at low and high pressures with predictions of the blast wave model.
